5-Keto-D-fructose (D-threo-2,5-hexodiulose) is a unique substance which is produced only by acetic acid bacteria. Terada et al. (25) (26) (27) incubated Gluconobacter cerinus and other Gluconobacter spp. strains in a yeast extract rmedium containing D-fructose under shaking and observed the formation of a strong reducing substance which was not glucosone, a precursor of kojic acid. The substance was later identified as 5-keto-D-fructose. Subsequently, Aida and Yamada (5) found an enzyme, 5-keto-D-fructose reductase, which catalyzes the reduction of 5-keto-D-fructose to D-fructose, in D-fructosegrown Gluconobacter albidus. A partially purified preparation of 5-keto-D-fructose reductase was strictly specific for 5-keto-D-fructose and reduced neither 5-keto-D-gluconate nor 2-keto-D-gluconate. These findings were also confirmed by Avigad et al. (8, 9, 14, 15) .
Membrane-bound D-fructose 5-dehydrogenase (EC 1.1.99.11) was first detected by Yamada et al. (30) in G. cerinus. A partially purified enzyme preparation oxidized D-fructose, and the reaction product was confirmed to be 5-keto-Dfructose; other catalytic properties were also reported by the same authors (31) . They also reported another 5-keto-D-fructose-yielding enzyme, particle-bound L-sorbose dehydrogenase from Gluconobacter suboxydans, which did not oxidize D-fructose (23) . The 18, 19, 24) . In this paper, the purification and the catalytic and molecular 
MATERIALS AND METHODS
Materials. Yeast extract was a kind gift from the Oriental Yeast Industrial Co.; DEAE-cellulose was a product of the Blood Plasma Corp.; and hydroxylapatite was prepared by the method of Levin (16) . 5-Keto-D-fructose was a product of Kyowa Hakko Kogyo Co., and all other chemicals used in this study were commercial products of analytical grade.
Bacterial strains and culture conditions. Bacterial strains of the genus Gluconobacter, listed in Table 1 , were a generous donation from the Institute for Fermentation, Osaka (IFO). Stock cultures were maintained on potato-glycerol slants. This medium was prepared as follows. Freshly sliced potato (200 g) was boiled in 1 liter of tap water and autoclaved for 10 min at 2 kg/cm2. The autoclaved gruel was centrifuged at 12,000 x g for 20 min, and a light yellow supernatant was obtained. To the supernatant were added dried yeast extract (10 g), polypeptone (10 g), glycerol (20 g ), and D-glucose (5 g). In the case of potato-glycerol slants, agar powder was further added to 1.5%.
The culture medium for Gluconobacter spp. consisted of 4 g of glycerol, 6 g of sodium glutamate, 500 mg each of KH2PO4 and K2HPO4, 200 mg of MgSO4. 7H20, and 10 mg each of FeSO4.7H20, NaCl, and MnSO4. 7H20 in 1 liter of tap water. Also, 400 pg each of thiamin hydrochloride, nicotinic acid, and calcium pantothenate and 100 ,g ofp-aminobenzoic acid were added per liter as supplements. Gluconobacter spp. cultures grown on potato-glycerol slants were inoculated into 100 ml of the medium in 500-ml shake flasks, and cultivation was carried out at 30°C for 24 h with reciprocal shaking. In the case of a large-scale culture, 25 liters of the medium was inoculated into a 50-liter jar fermentor at 30°C under vigorous agitation (500 rpm) and aeration (25 to 30 liters of air per min). Bacterial celLs were harvested at the late exponential phase.
Preparation of cell homogenate. Cells were collected by centrifugation at 12,000 x g for 20 min and washed twice with ice-cold water. The cell paste was suspended in distilled water and passed twice through a French presure cell press at 1,000 kg/cm2. Intact cells were removed by centrifugation at 5,000 x g for 10 min. The resulting supernatant was designated the cell homogenate.
Preparation of membrane fraction. (28) . Protein solution was made 1% in SDS and 1% in 2-mercaptoethanol, heated in a boiling water bath for 5 min, and subjected to electrophoresis (7 mA per gel for 3 to 5 h). Protein was stained with Coomassie brilliant blue in 7% acetic acid. Enzyme activity was detected by dipping the gel in a medium containing D-fructose (10 mM), phenazine methosulfate (0.14 mg/ml), and nitroblue tetrazolium (0.3 mg/ ml) in 10-fold-diluted Mcllvaine buffer (pH 4.5). After development of a dark purple band upon incubation at 4°C for 5 to 10 min in the dark, enzyme activity was terminated by transferring the gel into 7% acetic acid.
Sucrose density gradient centrifugation. Sucrose gradients were prepared with the following composition: 1 ml each of 21, 17, 13, 9, and 5% (wt/wt) sucrose, each prepared in 20-fold-diluted Mcllvaine buffer (pH 6.0) containing 1 mM 2-mercaptoethanol. One gradient contained Triton X-100 (1%). The gradients were left to stand at 40C for about 20 h before use. The sample of D-fructose dehydrogenase plus standard marker proteins of yeast alcohol dehydrogenase (molecular weight, 151,000) and catalase (molecular weight, 247,500) in a total volume of 0.1 ml was layered on the top of the gradients and centrifuged at 36,000 rpm for 16 h in a Hitachi RPS 40A rotor at 40C.
RESULTS
Distribution of D-fructose dehydrogenase in Gluconobacter spp. Enzyme activity was surveyed with cell homogenates of various strains of Gluconobacter spp. (Table 1 ). G. industrius IFO 3260 was found to be the highest in D-fructose dehydrogenase of the strains tested. Alcohol dehydrogenase and D-glucose dehydrogenase were also checked with the same cell homogenates by replacing D-fructose with ethanol and D-glucose as substrate. Alcohol dehydrogenase and D-glucose dehydrogenase were produced in most strains of Gluconobacter spp. In G. industrius, the level of alcohol dehydrogenase was exceptionally low under the culture conditions employed in our experiments. Thus, the use of G. industrius for further purification of D-fructose dehydrogenase was advantageous from the standpoint of less contamination with other enzyme proteins. Yamada et al. (30, 31) used the strain of G. cerinus IFO 3267 for the source of D-fructose dehydrogenase. We also checked the same strain and G. cerinu IFO 3270; however, these two strains usually contained substantial amounts of alcohol dehydrogenase and D-glucose dehydrogenase.
Solubilization and purification of D-fructose dehydrogenase. All operations were carried out at 0 to 50C, unless otherwise stated. Mcllvaine buffer of various pH was used. Cells of G. industrius (50 g, wet wt) were harvested from 25 liters of a 20-h culture, and the membrane fraction was prepared. This fraction was suspended in 20-fold-diluted Mcllvaine buffer (pH 6.0), and the protein concentration was adjusted to 30 mg/ml. To the suspension, 10% Triton X-100 and 2-mercaptoethanol were added to final concentrations of 1% and 1 mM, respectively. The suspension was gently stirred for 3 h, solubilizing the enzyme from the membrane fraction. Cell debris was removed by centrifugation at 68,000 x g for 60 min, and a clear rose-red supernatant was obtained. The supernatant solution (340 ml) was applied to a column (2.5 by 20 cm) of DEAE-cellulose which had been equilibrated with 20-fold-diluted Mcllvaine buffer (pH 6.0) containing 0.1% Triton X-100 and 1 mM 2-mercaptoethanol. After the column was further washed with 300 ml of the same buffer to wash out nonadsorbable protein, the enzyme was eluted with a descending pH gradient composed of 500 ml of 20-fold-diluted Mcllvaine buffer (pH 6.0) and 500 ml of 20-folddiluted Mcllvaine buffer (pH 4.5). Both buffer solutions were also supplemented with 0.1% Triton X-100 and 1 mM 2-mercaptoethanol. Each 10-nil fraction was collected, and the D-fructose dehydrogenase was eluted at about pH 5.2 as a rose-red material. Fractions (no. 60 to 90) containing enzyme activity were combined (300 ml) and concentrated by membrane filtration (Toyo ultra filter UP-50) or dehydration with polyethylene glycol 6,000. The concentrated enzyme solution was dialyzed against 20-fold-diluted Mcllvaine buffer (pH 6.0) containing 0.1% Triton X-100 and 1 mM 2-mercaptoethanol. The dialyzed enzyme solution was then applied to a hydroxylapatite column (2 by 5 cm) which had been equilibrated with the same buffer used for dialysis. After the column was washed with 100 ml of the same buffer, elution of the enzyme was accomplished by a gradient of Mcllvaine buffer (pH 6.0). One container was filled with 200 ml of 20-fold-diluted buffer, and another was filled with 200 ml of buffer with no dilution. Triton X-100 (0.1%) and 2-mercaptoethanol (1 mM) were also added to both containers. The enzyme activity was eluted at 200 to 250 ml. The active fractions in about 75 ml were placed in dialysis tubing and concentrated to about 5 ml by dehydration with polyethylene glycol 6,000. After removal of excess polyethylene glycol in the enzyme solution by extensive dialysis against 20-fold-diluted Mcllvaine buffer (pH 6.0) containing 0.1% Triton X-100 and 1 mM 2-mercaptoethanol, insoluble materials were removed by centrifugation at 12,000 x g for 20 min. The results of a typical purification are given in Table 2 . The purified D-fructose dehydrogenase, prepared as above, usually had a specific activity of about 180 U/mg of protein per min under the standard assay conditions.
The enzyme lost no significant activity when stored at 0 to 4°C in Mcllvaine buffer (pH 4.0 to 5.0) containing 0.1% Triton X-100 and 1 mM 2-mercaptoethanol for at least 2 weeks. The enzyme activity was completely preserved when the enzyme was frozen at -20°C or below. The presence of Triton X-100 in the enzyme solution was essential for the preservation of activity of the purified enzyme preparation, and it became labile and less active when the detergent was not present. Similar results are seen with other membrane-bound enzymes such as alcohol dehydrogenase (2, 3), aldehyde dehydrogenase (4), and D-gluconate dehydrogenase (19, 24) as reported previously.
Properties of the purified D-fructose dehydrogenase. (i) Absorption spectra. The purified D-fructose dehydrogenase had a cytochrome c-like absorption spectrum (Fig. 1) . A partially reduced hemoprotein was present in the final enzyme preparation, suggesting that the hemoprotein was more autooxidizable when compared with heme c in alcohol dehydrogenase of acetic acid bacteria (2, 3). Absorption maxima at 553 to 550 nm, 523 nm, and 417 nm were observed for the reduced enzyme, and a single peak at 409 nm was observed for the oxidized enzyme. Absorption spectra in the UV region could not be examined due to the presence of Triton X-100 in the enzyme solution. Triton X-100 showed intense absorption around 285 nm. These absorption spectra were fairly similar to those of cytochrome c published by Okunuki and Yamanaka (22) and Sato et al. (23) . Similar absorption spectra were also obtained with other dehydrogenases solubilized and purified from the membranes of acetic acid bacteria, for example, alcohol dehydrogenase (2, 3), aldehyde dehydrogenase (4), sorbitol dehydrogenase (E. Shinagawa (19) and Serratia marcescens (24) (ii) Homogeneity. Homogeneity of the purified D-fructose dehydrogenase was examined by two methods, analytical ultracentrifugation and gel filtration on a Sephadex column. The sedimentation pattern of the enzyme showed a rosered symmetrical peak with an apparent sedimentation constant of 5.8 s (Fig. 2) . The slowermoving peak with 1.9 s was apparently Triton X-100 present in excess in the enzyme solution, as has been seen in previous studies (2, 3). Upon removal ofthe 1. Sedimentation was from right to left. ase was estimated by gel filtration (Fig. 3) Prified enzyme wih a specifi activity of 172.0 was used. About 5 mg of the enzyme in 0.3 ml of 20-folddiluted dMclvaine buffer (H 6.0) containing 0.1% Triton X-100 and 1 mM 2-mercaptoethanol was applied to a Sp oadxcomn (1 by 115 cm) which had been equilbrated with the same buffer. Practions of 3 ml were coUected at a flow rate of5 mil/h. complex was dissociated by SDS-gel electrophoresis into three components with apparent molecular weights of 67,000, 50,800, and 19,700 (Fig.  4) . The sum of the molecular weights of these components gave a total molecular weight of approximately 135,000 for the enzyme complex. This value was comparable to those reported for other purified membrane-bound enzymes (1-4, 19, 24) . When the purified enzyme was subjected to a conventional polyacrylamide gel electrophoresis prepared at pH 8.3 and run at pH 9.4, three protein bands were also stained (Fig. 5, trace 1) . Dissociation of enzyme complex into components was also observed with alcohol dehydrogenase of acetic acid bacteria (2, 3) that showed a single peak in both analytical ultracentrifugation and gel filtration. Enzyme activity was detected on the slowest-moving band when the gel was incubated in a reaction mixture containing phenazine methosulfate, nitroblue tetrazolium, and D-fructose at pH 4.5 (trace 2). When an unstained gel was irradiated by fluorescent light, intense fluorescence was observed only with the slowest-moving band having the enzyme activ- ity. This indicated the presence of a flavo-dehydrogenase in the D-fructose dehydrogenase complex. When the unstained gel was scanned at a wavelength of 550 nm, the middle protein band was found to be the cytochrome (trace 3). A protein band just to left of the cytochrome in trace 1 was considered to correspond to the smallest component in SDS-gel electrophoresis from its least intensity of protein staining, although its function and properties were not clarified. It was probable that the smallest component was clearly present in the purified enzyme when judged from gel filtration profile (Fig. 3) . In case of alcohol dehydrogenase of G. suboxydans, a small protein component having a molecular weight of 14,500 was liberated (3). The purified gluconate dehydrogenase was also composed of three protein components with molecular weights of 66,000, 50,000, and 22,000 (19) . The function of the smallest component found in these enzymes remains unclear.
Effect of detergent on stability of the purified enzyme. In this study, Triton X-100 was used throughout in the buffer solution to prevent inactivation of the purified enzyme. It is thought that proteins localized or anchored to the cellular membrane have some hydrophobicity in their structure and are sometimes difficult to put into solution without the aid of a detergent. Aggregation of the enzyme occurred when the enzyme was freed from Triton X-100 and analyzed by sucrose density gradient centrifugation (Fig. 6) . Inactivation was also observed with the aggregated enzyme. Aggregation of the enzyme, therefore, occurred by the interaction of hydrophobic regions of the enzyme stucture under the conditions in which detergent was deleted. The result indicates that the D-fructose dehydrogenase was present as a monomer in the presence of 1% Triton X-100, and that the molecular weight of this enzyme, 151,000, was nearly equal to that of yeast alcohol dehydrogenase, a result in good agreement with the (a) A mixed sampl containng Triton X-100 was layered on the top of a gradient which contained Triton X-100 in the medium. (b) A mixed sampk lacking Triton X-100 was layered on the top of a gradient which had no Triton X-100 in the medium. Centrifugation was conducted for 16 In fact, as will be mentioned below, the enzyme has several advantages as a reagent for D-fructose determination. An apparent Michaelis constant for D-fructose determined at pH 4.5 was found to be 10-2 M with a purified enzyme. Optimum pH of D-fructose oxidation was found to be pH 4.0 to 4.5, and optimum temperature was found to be 25°C. The enzyme was not stable against heating even in the presence of Triton X-100, and rapid inactivation was observed beyond 350C. The reaction product of D-fructose oxidation was identified as 5-keto-D-fructose by paper chromatography with three different solvent systems. Additionally, the reaction product was specifically reduced to D-fructose in the presence ofNADPH with the enzyme 5-keto-D-fructose reductase, which was crystafized friom the cytosol of G. industris and was specific for 5-keto-D-fructose as reported elsewhere (Ameyama et somewhat acidic can be assayed directly without any preadjustment of the sample pH. Furthermore, as the enzyme reaction is a direct oxidation, there is no problem with the reaction equilibrium. No appreciable interference or inhibition was observed in D-fructose oxidation with the enzyme even when excess amounts of other substances were present in the reaction mixture. Trace amounts which are difficult to assay by measuring the initial reaction rate could be determined by endpoint measurment and showed a good agreement with the theoretical values (Fig. 7) . The method was capable of estimating D-fructose accurately down to 0.01 umol. The sensitivity of this assay method was the same as those for ethanol by alcohol dehydrogenase (6), acetaldehyde by aldehyde dehydrogenase (4), and D-gluconate by gluconate dehydrogenase (7) . DISCUSSION D-Fructose dehydrogenase of acetic acid bacteria was solubilized and purified from the bacterial membrane and examined of its molecular properties. In previous papers (14, 27, (30) (31) (32) , it was reported that D-fructose dehydrogenase was found in the membrane fraction of Gluconobacter spp. grown on D-fructose. Other enzymes, such as alcohol dehydrogenase, aldehyde dehydrogenase, D-glucose dehydrogenase, or D-gluconate dehydrogenase, were usually found in the bacterial membrane regardless of the carbon source used (1). In G. cerinus, which was used in earlier work (14, 20, 21, (30) (31) (32) , alcohol dehydrogenase was located in the membrane in addition to D-fructose dehydrogenase and D-glucose dehydrogenase. Also, D-fructose dehydrogenase was not always inducible in nature; the enzyme was formed in glycerol-grown cells, but it was restricted to some strains. In glycerolgrown G. industrius, D-fructose dehydrogenase was formed, although the total enzyme activity was about half that obtained on medium containing D-glucose, D-gluconate, and glycerol; this was advantageous for further purification of the enzyme. As previously reported (1), there were some differences among the enzyme species in extractability by Triton X-100. Alcohol dehydrogenase was readily solubilized from the membrane at low concentrations of detergent (0.1%). Most of the D-fructose dehydrogenase activity was solubilized by treating the membrane with 1% Trton X-100, whereas D-glucose dehydrogenase was solubilized only slightly as observed with the D-glucose dehydrogenase of P. aeruginosa (18) . Alcohol The purified D-fructose dehydrogenase was found to be an enzyme complex composed of dehydrogenase, cytochrome c, and a third peptide whose function was unknown. The red color of the cytochrome component is so vivid that the alcohol dehydrogenase ofacetic acid bacteria has been classified as a cytochrome having alcohol dehydrogenase activity (22, 33) . That was similar to the purified D-fructose dehydrogenase complex, and absorption spectra of the enzyme showed a typical c-type cytochrome. The third band appeared only when the enzyme was exposed to alkaline pH or was dissociated by treatment with SDS in the presence of 2-mercaptoethanol. The possibility that the third band was a contaminant might be excluded judging from the gel filtration profile of the purified enzyme, although the third band stained weakly in SDSgel electrophoresis. Indeed, similar-sized bands were observed with other species of dehydrogenase solubilized and purified to homogeneity (2, 3, 19) . Although ferricyanide was linked directly to the dehydrogenase in the routine assay of enzyme activity, enzyme oxidized with ferricyanide was reduced by D-fructose (Fig. 1) from the membrane fraction, Triton X-100 caused release of the D-fructose dehydrogenase complex from the membrane. The enzyme was solubilized in the presence of Triton X-100, like the alcohol dehydrogenases of G. suboxydans (3) and Acetobacter aceti (2), the aldehyde dehydrogenase of G. suboxydans (4) , and gluconate dehydrogenases of P. aeruginosa (19) and S. marcescens (24) . In the presence of Triton X-100, the purified enzyme exhibited a molecular weight of approximately 140,000. The purified enzyme was apparently monomeric in solution containing at least 0.1% Triton X-100 and tended to aggregate when Triton X-100 was removed from the enzyme solution, causing decrease of the enzyme activity. These results suggest that D-fructose dehydrogenase has a hydrophobic and probably membrane-lipid-interacting structure and is thus an intrinsic membrane protein, although it remains unclear which polypeptide of the three components causes the hydrophobicity.
The 9 ) and D-glucose-6-phosphate dehydrogenase (EC 1.1.1.49). This assay method has been evaluated as the most sensitive enzymatic method so far reported, but it depends largely on the purity of the reagents used and is rather expensive. Difficulty in preparing the required enzymes without any contaminants could make this assay system complicated and potentially troublesome. Several advantages were found in the use of the D-fructose dehydrogenase for the purpose of enzymatic D-fructose determination. D-Fructose was oxidized at an acidic pH, and no appreciable interference was observed when the system was tested in the presence of various susbtances at high concentrations. As D-fructose oxidation was catalyzed only by the D-fructose dehydrogenase, the bacterial membrane of G. industrius could be used for the purpose, if samples for D-fructose determination were known to contain only D-fructose. We have already reported the uses of membrane-bound dehydrogenases to assay ethanol (6), acetaldehyde (4), and D-gluconate (7). In the same way, the D-fructose dehydrogenase could be used for the enzymatic microdetermination of D-fructose.
Regarding the reaction product of D-fructose dehydrogenase, Mowshowitz et al. (20, 21) 
